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bidity and high costs.' Reduced bone mass, instability,

elasticity of the bone, and muscle strength play a role
in fracture risk. It has been shown that for each standard
deviation decrease in bone mineral density (BMD) fracture
risk doubled to tripled in postmenopausal women.”* Recently,
Goulding and colleagues* reported similar fracture risk incre-
ments in young girls.

Bone mass in later life depends largely on the peak bone
mass achieved in young adulthood, and the subsequent bone
loss. Thus, other influencing factors being equal, a high peak
bone mass provides a larger reserve later in life.” * Peak bone
mass is generally defined as the highest level of bone mass
achieved as a result of normal growth. Paediatricians should
play an important role in the early recognition and treatment
of impaired bone mass acquisition in childhood, therefore
good reference data for bone mineral density are required.

We have previously conducted a cross sectional study of 500
healthy Dutch children, 4-20 years of age, to gain reference
values for bone density and body composition.”* No conclu-
sions could be drawn from this initial study with respect to the
age at which peak bone mass occurs. The objectives of the fol-
low up study were: (1) to extend our reference values for bone
mineral density and body composition in children and young
adults in the Rotterdam region; and (2) to determine the age
at which peak bone mass is reached.

Osteoporosis is a worldwide problem causing high mor-

SUBJECTS AND METHODS

Subijects

In 1994-95 a study was performed to obtain normative values
for bone density and body composition measured by dual
energy x ray absorptiometry (DXA). In this study 444 white
European children participated (188 boys and 256 girls), aged
between 4 and 20 years. The cross sectional results of this first
study have been presented previously.”*

The follow up study was performed in 1998-99. We
recruited 198 children and young adults (84 boys and 114
girls; aged 7.4-25.3 years) from the Rotterdam region in the
Netherlands. All subjects had participated in our previous

Methods: Cross sectional results from 444 healthy white volunteers (4-20 years) in the Netherlands
were combined with the results from 198 children who agreed to participate in the follow up study
approximately four years later. DXA (Lunar, DPXL) of lumbar spine and total body was performed to
assess bone density and body composition.

Results: Bone density and lean body mass (LBM) increased with age. Maximal increase in bone den-
sity and LBM occurred around the age of 13 years in girls and approximately two years later in boys.
Bone density of total body and lumbar spine showed an ongoing slight increase in the third decade.
Mean fat percentage in boys remained at 10.5% throughout childhood, but increased in girls.
Conclusions: Most of the skeletal mass in lumbar spine and total body is reached before the end of
the second decade, with a slight increase thereafter. This study provides reference values for bone den-
sity and body composition measured with DXA for children and young adults.

study to assess normative values. The mean duration of follow
up was 4.3 years (range 3.2-6.9 years). The results of the first
and second study were combined to gain new reference data
for white children and young adults.

The study protocol was approved by the ethics committee of
the University Hospital Rotterdam. Written informed consent
was obtained from the parents and from patients older than
12 years of age.

Methods

Bone mineral density (BMD, g/cm’) was determined by DXA
(Lunar, DPXL/PED, Winconsin, USA) of lumbar spine(,;) and
total body(,,). For children with weight below 30 kilograms,
paediatric software was used. To account for differences in bone
size we calculated apparent BMD (BMAD) of lumbar spine with
the model BMAD,, = BMD,, X [4/(Tt x width)]. Width is the
mean width of the second to fourth lumbar vertebral body. This
model was validated by in vivo volumetric data obtained from
magnetic resonance imaging of lumbar vertebrae.” The coef-
ficient of variation (CV) has been reported to be 1.04% for lum-
bar spine BMD and 0.64% for total body BMD." Total body DXA
also measures bone mineral content (BMC, grams), lean body
mass (LBM), and percentage body fat (% fat). The CVs for the
paediatric weight range have been reported as 1.0% for LBM,
4.1% for fat mass, and 1.8% for BMC," and for the adult weight
1.05% for LBM, 2.2% for fat mass, and 0.64% for BMC." As vali-
dated previously, pubertal development according to Tanner was
evaluated by self assessment.” "

Statistical analysis

We used an established non-linear model to describe age
related changes in BMD or body composition."” For BMD,
BMAD, BMC, and lean body mass, further referred to as

Abbreviations: BMC, bone mineral content; BMD, bone mineral
density; BMAD, bone mineral apparent density; DXA, dual energy x ray
absorptiometry; LBM, lean body mass; LS, lumbar spine; TB, total body;
% fat, percentage body fat
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Table 1 Mean bone mineral apparent density (BMAD,), bone mineral density of lumbar spine (BMD,), and bone
mineral density of total body (BMD,,) with standard deviations (SD) in boys and girls
BMAD, (g/cm?) BMD,; (g/cm?) BMD;; (g/cm?)
Age (y) Mean SD Mean SD Mean SD
Boys
4-4.9 0.250 0.036 0.592 0.062 0.799 0.029
5-5.9 0.262 0.036 0.631 0.067 0.819 0.034
6-6.9 0.269 0.036 0.665 0.073 0.839 0.038
7-7.9 0.273 0.036 0.694 0.078 0.859 0.043
8-8.9 0.276 0.036 0.719 0.084 0.880 0.048
9-9.9 0.278 0.036 0.742 0.089 0.900 0.053
10-10.9 0.280 0.036 0.764 0.095 0.920 0.057
11-11.9 0.282 0.036 0.791 0.100 0.942 0.062
12-12.9 0.285 0.036 0.828 0.106 0.967 0.067
13-13.9 0.290 0.036 0.886 0.111 1.000 0.072
14-14.9 0.300 0.036 0.968 0.117 1.045 0.076
15-15.9 0.315 0.036 1.064 0.123 1.103 0.081
16-16.9 0.332 0.036 1.152 0.128 1.158 0.086
17-17.9 0.349 0.036 1.214 0.134 1.200 0.091
18-18.9 0.360 0.036 1.251 0.139 1.229 0.096
19-19.9 0.367 0.036 1.271 0.145 1.251 0.100
20-20.9 0.370 0.036 1.281 0.150 1.270 0.105
21-21.9 0.372 0.036 1.286 0.156 1.287 0.110
22-22.9 0.373 0.036 1.289 0.162 1.305 0.115
Girls
4-4.9 0.280 0.023 0.631 0.055 0.790 0.048
5-5.9 0.284 0.025 0.660 0.063 0.809 0.051
6-6.9 0.288 0.027 0.689 0.070 0.827 0.053
7-7.9 0.293 0.029 0.718 0.078 0.845 0.056
8-8.9 0.297 0.031 0.747 0.086 0.864 0.058
9-9.9 0.302 0.032 0.779 0.094 0.886 0.061
10-10.9 0.309 0.034 0.819 0.102 0.913 0.063
11-11.9 0.319 0.036 0.876 0.109 0.947 0.066
12-12.9 0.335 0.038 0.957 0.117 0.990 0.068
13-13.9 0.355 0.040 1.049 0.125 1.036 0.071
14-14.9 0.372 0.042 1.128 0,133 1.079 0.073
15-15.9 0.383 0.043 1.181 0.141 1.114 0.076
16-16.9 0.391 0.045 1.214 0.148 1.139 0.078
17-17.9 0.396 0.047 1.236 0.156 1.156 0.081
18-18.9 0.401 0.049 1.252 0.164 1.168 0.083
19-19.9 0.406 0.051 1.265 0.172 1.177 0.086
20-20.9 0.410 0.052 1.277 0.180 1.184 0.088
21-21.9 0.415 0.054 1.287 0.187 1.190 0.091
22-22.9 0.419 0.056 1.297 0.196 1.196 0.093

parameters, the expression is the sum of two logistic
functions. The first part was assigned to the slower long term
component of growth and the second of the expression to the
accelerated growth during puberty.

Gl Pl
1+G2x e—(G3xage) + 1+ e—(P2x(age—P3))

G1 = the asymptotic value of the parameter associated with
growth

G2 = afactor influencing the parameter at age 0; it affects the
overall shape of the growth curve

G3 = a rate constant; it is the primary determinant of the
shape of the growth curve

P1 = the asymptotic value of the parameter associated with
puberty

P2 = a rate constant for the increase in the parameter as a
result of puberty

P3 = the age at which the rate of change in the parameter as
a result of puberty is at a maximum.

For BMD, BMAD, BMC, and lean body mass the values of
G1-3 and P1-3 were determined separately for males and
females using non-linear least square regression analysis. The
fitting procedure was an iterative process. Initial estimates
were provided by visual inspection of the data. Percentage
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body fat (% fat) had a skewed distribution in boys and girls
and did not show the same curve as the other parameters.
Logarithmic transformation of the data was necessary, while
we fitted the curve allowing fractional polynomials."”

For all outcomes we examined whether the variance was
dependent on age by modelling the absolute residuals,'* again
allowing fractional polynomials. Two sample f tests were used
to compare two independent groups. The limit of significance
was set at p < 0.05.

RESULTS

Table 1 shows the reference data for BMD and BMAD in boys
and girls. An age dependent increase in bone density was
found in boys and girls. BMD and BMAD peak at the end of
adolescence, with an slight increase thereafter. This is also
illustrated in fig 1.

Table 2 and fig 2 present reference data for body
composition. Percentage body fat remained at 10.5% during
childhood in boys and increased with age in girls, from 15% in
those aged 4-4.9 years to almost 25% in those aged 22-22.9
years. An age dependent increase in lean body mass was found
in both sexes. However, boys had higher LBM compared to
girls; the maximum rate of change in LBM was 11.5 years in
girls and 14.2 years in boys.

Table 3 shows the increases in bone density per Tanner
stage. In the logistic function parameter, P3 represents the age
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Reference data for bone density and body composition
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Bone mineral density (BMD) of lumbar spine and total body and bone mineral apparent density (BMAD) of lumbar spine plotted by

age in boys and girls. The bold line represents the fitted line, the thin lines represent 2 SD.

at which the rate of change in the parameter owing to puberty
is at a maximum. Table 4 shows these ages. Maximal increase
in BMD and BMAD occurred around the age of 13 years in
girls and approximately two years later in boys.

DISCUSSION

The present study provides reference values for bone mineral
density and body composition measured with DXA for white
children and young adults. The mean and standard deviation
are given for boys and girls from 4 to 23 years of age, with age
categories of one year, which enables calculation of age and
sex matched standard deviation scores. Besides correction for

age and gender, results should be adjusted for height, pubertal
stage, or bone age, especially in children with delayed or
advanced skeletal maturation or growth disorders.

BMD, measured by DXA, is an areal density that varies with
bone size. Given a fixed volumetric density, large vertebrae have
greater BMD values than small vertebrae.” On the other hand,
BMD will be underestimated in children with short stature. In
order to correct for bone size or height, mathematical models
are frequently used to calculate BMAD (“volumetric BMD”). A
direct measurement of volumetric BMD is possible with quan-
titative computed tomography (QCT), but this technique
involves high radiation exposure. However, our results showed
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Table 2 Mean lean body mass values (LBM), bone mineral content of total body (BMC,,), and percentage body fat (%
fat), with standard deviations (SD) in boys and girls.

LBM () BMCy; (g) Ln(% fat)*

Age (y) Mean SD Mean SD Mean SD
Boys
4-4.9 15885 2351 708 69 2.35 0.53
5-5.9 18092 2636 839 99 2.35 0.53
6-6.9 20467 2921 965 129 2.35 0.53
7-7.9 22985 3207 1084 159 2.35 0.53
8-8.9 25616 3492 1197 190 2.35 0.53
9-9.9 28324 3777 1310 220 2.35 0.53
10-10.9 31065 4062 1438 250 2.35 0.53
11-11.9 33802 4347 1599 280 2.35 0.53
12-12.9 36586 4633 1813 310 2.35 0.53
13-13.9 40687 4918 2087 340 2.35 0.53
14-14.9 49492 5203 2406 370 2.35 0.53
15-15.9 55472 5488 2725 400 2.35 0.53
16-16.9 57983 5773 2997 430 2.35 0.53
17-17.9 59943 6059 3200 460 2.35 0.53
18-18.9 61690 6344 3336 490 2.35 0.53
19-19.9 63249 6629 3419 521 2.35 0.53
20-20.9 64628 6914 3469 551 2.35 0.53
21-21.9 65836 7199 3498 581 2.35 0.53
22-22.9 66937 7499 3515 612 2.35 0.53
Girls
4-4.9 15468 2317 714 112 3.22 0.24
5-5.9 17434 2499 832 134 3.24 0.24
6-6.9 19452 2682 939 156 3.26 0.24
7-7.9 21535 2865 1039 179 3.28 0.24
8-8.9 23762 3047 1147 201 3.29 0.24
9-9.9 26297 3230 1275 223 3.31 0.24
10-10.9 29323 3412 1438 246 3.33 0.24
11-11.9 32759 3595 1640 268 335 0.24
12-12.9 36070 3778 1871 290 3.37 0.24
13-13.9 38692 3960 2104 313 3.39 0.24
14-14.9 40512 4143 2313 335 3.41 0.24
15-15.9 41736 4325 2477 357 3.42 0.24
16-16.9 42588 4508 2595 379 3.44 0.24
17-17.9 43213 4690 2673 402 3.46 0.24
18-18.9 43692 4873 2723 424 3.48 0.24
19-19.9 44069 5056 2753 446 3.50 0.24
20-20.9 44370 5238 2772 469 352 0.24
21-21.9 44611 5421 2783 491 353 0.24
22-22.9 44815 5612 2790 514 3.55 0.24
;Becouse of a skewed distribution, a logarithmic transformation for percentage body fat (% fat) was performed. We showed natural logarithm (In) of the

ata.
Calculating standard deviation scores (SDS): for boys: % fat SDS = (In(%fat) — In(%fat mean))/In(%fat SD); for girls: % fat SDS = (In(%fat+10) — In(%fat
mean))/In(%fat SD). For the other parameters SDS = (measured value — mean)/SD.

no substantial increase in BMAD until puberty, similar to what
has been reported using QCT." Together with various clinical
studies,"” ** this finding underscores the utility of BMAD as an
appropriate correction for bone size or height.

With regard to our study population some characteristics
should be noted. Mean height, BMD, and BMI SD scores at
baseline from the volunteers, who were willing to participate
in the follow up study, did not differ from the means of the
total group at baseline, indicating that we studied a random
sample of the baseline population. Interestingly, we found the
bone density values expressed as SDS using our old reference
data, to be somewhat higher at follow up than at baseline. A
similar increase was found in a longitudinal study to assess
normative data for ultrasound measurements in another
group of white children in Rotterdam.” We cannot really
explain this finding, which might present a “secular trend”
found in longitudinal data. We found no evidence for a healthy
responder bias, as we studied a random sample; no increase in
calcium intake or in physical activities was found between
baseline and follow up measurements.

The increase in BMD and BMAD with age is similar to what
has been found in other studies.”** The main increase occurs
during puberty, when concentrations of growth hormone as
well as sex steroids increase; both are known to positively
influence bone mineralisation.” * Maximal increase in BMD
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and BMAD occurred around the age of 13 years in girls and
approximately two years later in boys. Besides an increase of
BMD with age, an increase in lumbar spine BMAD was also
found, suggesting that the increase in lumbar spine BMD does
reflect a real increase in mineralisation, and is not merely a
result of accelerated growth.

Although all bone density parameters showed a clear
flattening off after puberty, no accurate conclusion could be
drawn using our statistical model as to whether peak bone
mass has been reached. In this model G1 and P1 represent the
asymptotic value of the parameters associated with growth
and puberty, respectively. Addition of G1 to P1 would provide
the value of peak bone mass. However, an ongoing increase is
found in some of the parameters, partly because of the small
numbers of volunteers in the older age categories.
Nevertheless, our results suggest that most of the skeletal
mass in lumbar spine and total body is reached before the end
of the second decade.

Most cross sectional studies reported that peak bone mass is
reached at late adolescence,”*” while others found that
lumbar spine BMD increased till the mid 30s.”* Longitudinal
studies in girls show that peak bone mass is reached around the
age of 30.”” Matkovic and colleagues” described bone mass
acquisition at various skeletal sites in females. BMD in proximal
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Figure 2 Bone mineral content (BMC), lean body mass (LBM), and percentage body fat (% fat) plotted by age in boys and girls. The bold line

represents the fitted line, the thin lines represent 2 SD.

femur and vertebral body reached their peak in late adoles-
cence. However, a slight gain in bone mass of radius, total body,
and skull was found with a peak in the late 40s. This suggests a
slow but ongoing bone accumulation at some skeletal sites.

DXA provides precise body composition analysis with a low
radiation dose.” DXA measurements performed in adults and
children are able to detect small changes in body composition
and were highly correlated with bioelectrical impedance
analysis, skinfold thickness measurements, and underwater
weighing.®”* In the present study, mean % fat remained
stable (10.5%) in boys and increased in girls with age.
Percentage fat showed a wide variance in both sexes. LBM or
fat free mass consists mainly of muscles. A steep increase was
found during puberty, especially in boys, caused by increased
growth hormone and androgen secretion.

DXA devices from different manufacturers might not give
identical results, because of differences in calibration and
bone edge detection algorithms.” Therefore, to calculate
reliable SD scores one should use at least reference data gained
with an identical DXA device. Of course, locally gained refer-
ence data are preferred.

Knowledge of normal physiological variation of bone
density and body composition is needed to identify pathologi-
cal changes. This study provides reference values for bone
density and body composition measured by DXA for children
and young adults. Age and sex adjusted Z scores should be
calculated using ethnic specific data where possible. Most of
the skeletal mass in lumbar spine and total body is
accumulated before the end of the second decade, with a small
ongoing increase thereafter.
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Tanner stage in white children

Table 3  Bone mineral content (BMC), bone mineral density (BMD), and bone mineral apparent density (BMAD) per

Tanner stage

1 % 3 4 5
Boys (n) 104 35 19 57 56

BMCr 1178 (341) 1785 (307)* 2099 (508)* 2823 (655)* 3224 (509)*
BMDy 0.88 (0.07) 0.96 (0.07)* 1.00 (0.09) 1.12 (0.12)* 1.21 (0.11)*
BMDys 0.71 (0.10) 0.83 (0.09)* 0.88 (0.14) 1.09 (0.17)* 1.21 (0.16)*
BMAD 0.27 (0.04) 0.28 (0.03) 0.29 (0.04) 0.32 (0.04)* 0.35 (0.04)*
Girls (n) 84 23 35 91 134

BMCr 1067 (242) 1539 (296)* 1836(295)* 2369 (477)* 2724 (469)*
BMDy 0.85 (0.06) 0.94 (0.06)* 0.97 (0.07) 1.09 (0.09)* 1.17 (0.08)*
BMDy 0.72 (0.09) 0.84 (0.09)* 0.96 (0.14)* 1.14 (0.15)* 1.25 (0.16)*
BMAD 0.30 (0.03) 0.31 (0.02)* 0.33 (0.04)* 0.37 (0.04)* 0.40 (0.05)*

*Significant increase compared to previous Tanner stage, p<0.05.
LS, lumbar spine; TB, total body.
Tanner stage was not scored in four children.

Table 4 Mean age (SEM) at which the rate of
change in bone density or body composition due to
puberty is at a maximum

Boys Girls
BMD,q 15.1(0.3) 13.0 (0.4) *
BMDy, 15.3 (0.5) 13.1 (0.5)*
BMCp 14.5 (0.6) 12.6 (1.01)
BMAD, 16.2 (0.5) 13.1 (0.5)*
LBM 14.2 (0.2) 11.5(0.7)*

*p<0.001 boys compared fo girls.
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Reference data for bone density and body composition
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The introduction of densitometric techniques for measure-
ment of bone mineral content (BMC) and density (BMD) have
lead to an improved understanding of bone development dur-
ing childhood and adolescence and better assessment of
childhood conditions associated with increased fracture risk.
Dual energy x ray absorptiometry (DXA) is the most readily
available and the most commonly used technique for
measurement of BMC and BMD in children. Major advantages
of this technique include its short scan time, very low
radiation dose, excellent precision, and the ability to assess
BMC and BMD at both axial and appendicular skeletal sites. It
is also an invaluable tool for the assessment of lean body mass
(LBM) and fat body mass (FBM). DXA provides the measure-
ments of the total amount of BMC (gm) contained with the
scanned skeletal site and its two dimensional projected bone
area (BA; cm’®). It does not measure the thickness and there-
fore the volume (cm’) that is needed for estimation of
volumetric bone mineral density (vBMD; gm/cm’). The vBMD
can be measured using quantitative computer tomography
techniques. The ratio of BMC and BA, expressed in units of
gm/cm’, is referred to as the “areal bone mineral density”
(aBMD). The aBMD is a function of bone size and its vBMD.
Thus, an increase in a child’s aBMD might reflect an increase
in size or vBMD of the bone or a mixture of both these factors.
Therefore, interpretation of aBMD poses major challenges in
healthy children due to age and puberty related changes in
bone size and in those with chronic diseases whose poor
growth and delayed puberty adversely affects bone size. A
number of approaches have been proposed for reducing the
influence of changes in bone size that accompany skeletal
growth on DXA measured bone variables. One approach
involves calculation of the bone mineral apparent density
(BMAD) by dividing BMC at a bone site by the three-
dimensional bone volume derived from its two dimensional
projected BA.'? The BMAD of the lumbar spine (LS) is
estimated by modelling it as a cube' (BMAD, ;= BMC,/BA /"’ )
or as a cylinder’ (BMAD,;= BMC, X [4/(TT X bone width of
LS)]). Another approach involves adjustment of BMC for pro-
jected BA, body height, weight (or LBM), and Tanner stages of
sexual development, using a regression model as recom-
mended by Prentice ef al’ and Warner ef al.* Molgaard et al’ have
proposed a three step approach to evaluation of whole body
BMC in children, which seek to determine the following: (1) Is
the child’s height appropriate for age? (“short bones”); (2) Is
the bone size (bone area) appropriate for height? (“narrow
bones”); (3) Is the BMC appropriate for bone area? (“light
bones”). This evaluation is undertaken by reference to local
gender and ethnic specific reference data for these parameters.
This pragmatic approach allows the clinician to separately
determine if the child’s skeletal fragility is due to reduction in
the size of the bones or the amount of BMC within the perio-
steal envelopes, or both these factors.

Leonard et a’ have shown the use of different published
paediatric DXA reference databases for assessment of aBMD
in children with chronic diseases leads to significant
inconsistencies in the diagnosis of osteopaenia, arbitrarily
defined as aBMD standard deviation (SD) score <2. Many of
the databases are not ethnic or gender specific and are based
on a small number of subjects and thus may not accurately
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reflect normal aBMD variation in each age and pubertal
category. Furthermore, the use of gender non-specific aBMD
databases resulted in a significantly greater percentage of boys
being misclassified as osteopaenic.® These investigators also
showed that the use of different versions of analysis software
(standard or low density) provided by DXA manufactures
resulted in significantly different values for LS BMC, BA, and
aBMD in children.” Thus, comparisons to sufficiently large,
gender, ethnic, densitometer, and software specific paediatric
reference databases is crucially important when interpreting
DXA data in children and adolescents. van der Sluis ef al have
provided such a database for healthy four to 25 year old Dutch
Caucasian children and young adults. This is one of the larg-
est gender specific databases derived from a combination of
cross-sectional and longitudinal measurements made in 642
subjects (275 males and 370 females) using the Lunar
(DPL-X) DXA densitometer. The authors have provided mean
and SD data for the whole body and LS aBMD, BMAD,,, LBM,
and FBM, stratified according to chronological age and Tanner
stage of sexual development. Like other investigators ,* van der
Sluis ef al have shown that a large increase in the whole body
and BMC occurs over a relatively brief period during puberty,
with maximal bone acquisition occurring around the age of 13
years in girls and 15 years in boys. Finally, they showed that
peak bone mass (PBM), defined as the maximum amount of
LS BMC accumulated at the end of the skeletal maturation,
was virtually achieved by the end of the second decade. Taken
together, these data add to the increasing body of evidence
that childhood and adolescence are crucially important
periods for the achievement of adequate PBM, which is gener-
ally accepted as one of the major determinants of an individu-
al’s risk of developing osteoporotic fractures in old age. The
fact that childhood offers a window of opportunity of reducing
the risk of osteoporosis in latter life through building a healthy
skeleton was recognised by the late Professor Charles Dent of
University College, London, who 30 years ago stated, “Senile
osteoporosis is a paediatric disease”.
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